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1. Title o£ the Invention 

Electrode Structura for an Efficient Liquid Crystal Wavefronl Modulator 

1 . A device for wavefront modulating an optical twain comprising: 

an optical dement including a first window hayms an optically transparent 

coznmon ekctrode, a second window having a multiplicity of transparent 

conductive electrodes in the form of electrically bundled parallel stripes, and a 

layer of liquid crystal molecules intermediate the first and second windows. 

the optical device is positioned so that an optical beam is incident on the first 

window and refected or transmitted by the second -window. 

means for applying control signals individually to the outer electrodes of each ecu, 

thereby creating a linear voltage gradient along disjoin electrodes and across the 

cell area, thereby creath\s local variations of the refractive index in the liquid 

crystal layer according to linear or nonlinear part? of the LCS decirooptic 

characteristics. 

2. The device according to claim 1 Anther includes join electrodes consisting of the 
same or different materia] than the stripe electrodes. The strip* dertrodes 
resistivity is preferably low while the resistivity of the join electrodes is preferably 
high to provide a high input resistance to each cell. The join electrode Is either 
included in the electrode structure covering the iHunrinaicd active area or placed 
outside the active area. 

3. ' The device according to claim 2 wherein the join electrode is connected to low 

resistive metal electrodes at two or more positions that supply the voltage from the 
LC driver. 

4. The device according to claim 3 -which is used to deflect ad optical beam by 
generating a blazed phase profile of the transmitted or reflected optical wavefront 
by addressing the active area with voltages from within the linear part of the LC3 
electrooptic characteristics of an LC layer with pre tilt -angles between 0 and 3 
degrees. 

5. The device according to claim 3 which is used to focus an optical beam by 
generating a quadratic phase profile of the transmitted or reflected optical 
wavefrone by addressing the active area with voltages from within the nonlinear 
part ia the low-voltage region of the LC& electrooptic characteristics of an LC 
layer withpretflt angles between 5 and 20 degrees. 

5. The device according to claim 5 of which the two ac voltages applied to 
neighboring join electrodes have the same amplitude and same frequency but are 
out of phase hy 1 SO degrees (reversed polarity). 
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3. Detailed Explanation of the Invention 
Background of the invention; 

The interest in optical wavefront control via uematic liquid crystal (LC) waveplatcs 
is ever increasing- Device? arc being developed for die active control of laser teams in 
research fields such as adaptive optics, optical signal processing and ftee-space laser 
commnnicadons- Reasons for the popularity of such devices arc the possibility of 
modulating the LCS strc^g feirefirmgence wilh voltages of less than 10 V.tbefiwdam 
of any mechanical motion, compactness, lightness, and the low power consumption. 

The fine control of fee aa^fe of an outgoing or incoming laser beam on the cider of 
one microradian in an optical transceiver, e g., on-board a satellite cet at an optical 
ground station* is essential to achieve and maintain a successful optical 
communications link over several 100 km to several 1000 fan. The difficulty in 
obtaining the required steering precision, via mechanical means has been s timulatin g 
investigations on noik-mechanical beam deflectors. Inserting non-mechanical elements 
into Ac optical syston would reduce tie number of moving parts and facilitate the 
system requirements. Besides electraoptic and acoustooptic devices, the liquid crystal 
panel is a very attractive candidate as a beam, deflector w . 

Another eagerly investigated field of LC microopties is the emulati on of the 
focusing property of a. lexis by spatially modulating the LCS effective refractive index 
according to a quadratic function. The possibility of strongly varying a lensflf-iwmber 
v/iih low voltages induced a great deal of implementation ideas in recent years LC 
lenses can be realized either by saiperirnposing two devices with one-dimensional 
modulation capability, e.g., two cylindrical LC lenses, or using an electrode structure 
allowing one directly the two-dimensional modulation. 

In developing LC devices researchers have focused so far on two types of electrode 
structures: (0 the discrete structure where fixe liquid crystal is modulated by means of a 
large number of independent narrow stripe-shaped low-resistive electrodes, and (S) the 
coatiminus structure where broad electrodes with areas of different resistivities 
modulate the liquid crystal via a linear or nonlinear voltage gradient gcneraied ia the 
electrode plane. The former approach has the advantage of high transmission 
efficiency and unprohlematic fabrication of the ' electrodes. The huge number of 
electrodes requires however a high expenditure in febricating the compter, LC driver.* 

The latter approach keeps down the complexity of the LC driver, however, a high 
optical throughput has not yet been reported. 

He present invention proposes an electrode design that aims at combining the 
advantages found in both approaches. 
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Summary of the invention : 

The objective of the present invmtion is to provide a new electrode H^-ipn for a 
liquid crystal optical wavefroni modulamjs with applications Such. as a beam deflector, 
spherical or cylindrical single microletfs, or lens array. The design is an improvement 
over the prior art in that it includes a practical means for generating linear and 
nonlinear spatial optical wavefront modulation with a reduced number of control 
signals and less complexity in the fabrication process than former devices. 

The objects of this invention axe demonstrated by providing devices for deflecting' 
an optical beam (linear wavefront modulation} and focusing an optical beam {nonlinear 
wavefront modulation). The scope of this invention is however not intsndftri to be 
limited by the herein discussed devices, bm should also be considered with a LC 
modulator far arbitrary wavefroot generation- 

To attain the objects of the present invention as described above, the 
electrode structure of the present invention has basically the following 
constructions, in that ; 

A device for wavefront modulating an optical beam comprising: 

an optical element fnrfurting a first -window having an opticalljrtrensparenr 

common electrode, a second window having a multiplicity of transparent 

conductive electrodes in the Jfiann of electrically bundled panHel stripes, and a 

layer of liquid crystal molecules intermediate the first and second windows. 

.the optical device is positioned so that an. optical beam is incident on the first 

-window and reflected or transmitted by the second window. 

means for applying control signals individually to the outer electrodes of each cell, 

Thereby treating a linear voltage gradient along -die join electrodes and across the 

cell area, thereby creating local variations of die re&acdve index in the liquid 

crystal layer according to linear or nonlinear parts of the LC § clcctrooptic 

charaotensfros* 

He device is characterized in tfrat it * includes join electrodes consisting Of the 
same or different material than the stripe electrodes. The stripe electrodes 
resistivity is preferably low while the resistivity of the join electrodes is preferably 
high to provide a higb input resistance To each cell. The join electrode is either 
included in the electrode structure covering the illuminated active area or placed 
outside file active area. 
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The device is characterized in that ;tbe join electrode is connected to low 
resistive metal electrodes at two or mare positions that supply the voltage from the 
LC driver* 

The device ls characterize in that ft : is used to deflect ad optical beam by 
gPTiprating a blazed phase profile of the transmitted or reflected optical vv&vfcfroni 
by addressing the active area wiih voltages from within the linear part of the LC5 
electroqptic characteristics of an LC layer with pretilt -angles between 0 and 3 
degrees, 

lie device is characterized in that it is used to focus an optical beam by 
generating a quadratic phase profile of the transmitted or reflected optical 
wavefront by addressing the active area 'with voltages from 'within the nonlinear 
part in the low-voltage region of die LC4 cjcctroopric characteristics of an LC 
layer with pre tilt angles between 5 and 20 degrees. 

The device i$ charactered in that f the two ac voltages applied to 
neighboring jodn electrodes have the same amplitude and same frequency hut are 
ant of phase by ISO degrees (reversed polarity). 

An optical" liquid. ciystaT^velrom^mddulation device for monochromatic Kgfet 
comprises a homogeneously aligned liquid crystal layer confined between two optical 
transparent windows. The device has an optically-transpareart common electrode on 
the first window and a multiplicity of opdcaOy'txansparent parallel, snipe electrodes 
(said stripe electrode) on the second window. Dependent on the device to be realized, 
the longitudinal shape of the stripe electrodes is either straight or bent. On the second 
window, K stripe electrodes are periodically joined via one or more single stripe 
electrodes of resistive material (said join electrode) to form M bundles of stripe 
electrodes, each bundle representing a liquid crystal cell (said cell), as shown in Fig. 1. 
The two outer stripe electrodes of each bundle; respectively, are supplied with two 
independent control signals (ac voltages), Ihc multiplicity af control signals (NxM) is 
therefore reduced to two signals per celt (2xM). 

The application sf two different voltages causes a linear voltage gradient along the 
join electrodes. Ihis in turn generates a linear voltage ^ruAi^ xrvss the cell area. 
This linear voltage gradient causes a linear or nonlinear spatial variation of the liquid 
crystal molecules -B refractive index distribution dependent an the liquid crystal & 
electrode response and the addressing voltage. Wavefront modulation is achieved 
according to linear or nonlinear parts of the liquid crystals clectroopdc response as 
shown in Pig. 2. He shape of the ekctrooptio chacBrtaristbs depends on the liquid 
crystal parameters pretilt elastic constants and dielectric pennitri'vities. For example* 
Iowprerili alignment provides a sharp threshold and a large linear region shortly after 
the threshold. High prerilr alignmenr (5-20 deg) provides quadratic modulation of the 



-4- 



PAGE 48/72 * RCVD AT 2/2/2006 4:49:46 PM [Eastern Standard Time] * SVR:USPTO-EFXRF-€/29 * DNIS:2738300 * CS1D:7034132220 * DURATION (mm^s):22-26 



FEB. 2. 2006 5:07PM OBLON SPIVAK 



NO. 364 P. 49 



(11) 



1 0-2 2 1703 



detfrooptic response in the lower voltage region, lie linear portion of die alectroopfclc 
response is used for linear modulation purposes such as beam deflection, at ta simulate 
blazed -and triangular djfihuricm gratings. Us quadratic portion is used to simulate 
wavefiont modulation by a lens. 

'The extension of a device with one-dimensional modulation capability, e.g, the LC 
cylindrical lens, to a device with' two-^ensianal moddatiaa capability, eg. * 
spherical lens, is shown in fig. 3. The straight stripe-shipad electrodes are replaced by 
"bent stripe-shaped electrode according to Jhs desired shape of the twa-dimensional 
modulation arest either circular or elliptical. The outer ends of the join electable* are 
connected to Jow^esisdvc metal electrode* providing fee voltage of the LC driver. 
Neighboring joifl electrodes are supplied with, ac voltages of (be same waveform, same 
amplitude A and same frequency But a phase difference of 130 dc£W5, Lc. voltages 
with different polarities. Applying different polarities to the' ends of the join electrode 
provides zoo volt in the middle of the join electrode. Hid LC area comprised by the 
first half of the join dectode is thus spatially modulated from A volte to 0 volt, and the 
area comprised by the second part is spatially modulated from O volt to A volts as 
illustrated in Fig. 4. Since both parts of the jofia electrode address the same part of the 
electrooptic characteristics, the parabolic two-dimensional spatial modulation, is 
obtained. 

Description of the Preferred Embodiment 

Fig. 1 show one preferred embodiment of the present invention in that 
one desirable electrode configuration of the present invention is 
illustrated. 

in the embodiment, a pair of an upper and a lower end terminals 120 
and 122 are supplied with the same level of electric potential 0 4, 
respectively* while another pair of an upper and a lover end terminals 
326 and I2fl are supplied with the sane level of eleotrie potential 4 t 
different from the level of $A, respectively. 

On the other hand, between the end teruinals 120 and 12S, a thin-film 
resistive line 106 is provided, while between the end terminals 122 and 
22*, a thin-film resistive line 108 is provided, as well. 
The above-mentioned resistive line nay be formed Kith ohrcraiuo thin 
film, nickel -chromium-alloy metallic thia film, tantalum thin filsi, 
molybdenum thin film or the lite. 

Further* a metallic oxide film, for example. ITO filt such as an 
oxidising thin film made of Tin or Indium, can be also used. 

- 5 - 
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The voltage level formed between the electrode terminals 120 and 122, 
is kept triform and thus equipotcnUal condition is formed therebeticeen, 
since they are connected to each other through a low resistive metallic 
electrodes 131. 

in the sane ray, the voltage level formed between the electrode 
terminals 126 and 12B, is kept uniform thus equi potential condition is 
formed therebetween, since they are connected to each other through a 
low resistive metallic electrodes 138. 

On the other hand, between these equi potential electrodes 131 and 138, 
a plurality of low resistive aietaUSa electrodes, as sane as the one as 
mentioned above, and each having a stripe-like configuration, 132, 133, 
134, 135, 135, and 137 are provided and being parallely arranged to each 
other. 

Note that both end portions or each one of this metallic electrode 
lines is connected to the resistive lines 106 and 106, respectively, at 
respective potential dividing point and thus between the electrode 131 
and the electrode 138 and in a longitudinal direction of the electrodes 
131 and 138, equtpotential condition is always created while in a 
direction perpendicular to the longitudinal direction of the electrodes 
131 and 138, a potential is forned so as to fie varied in a step-like 
manner. 

The above-mentioned electrodes can be £orned> for example, on a 
transparent glass plate or the like* 

When a high resistive film such as a transparent film, more 
preferably a high resistive, transparent electric conductive film, is 
formed on a surface of these metallic electrodes 131 to l33 t being 
parotic I y arranged to each other, and which can also be formed by low 
resistive ITO fiJns, the electrical potential as forncd between the 
electrode 131 and the electrode 13d, varies with a certain gradient. 

- 6 - 
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For example, when a potential levels of 10 • OA and 3 ■ OA are 
applied to the electrodes 181 and 138* respectively, a £iln surface, the 
potential thereof being linearly varied fron 10* OA and 3 * OA, can 
be obtained. 

Due to the existence of the metallic electrodes 182 to 137, the 
©quipotential line having the certain gradient formed among them, shows 
always a configuration which is in parallel with a longitudinal 
direction of the electrodes 131 and 138, which being also parallel? 
arranged to each other. 

ffheu a transparent glass plate on a surface of which the above- 
mentioned electrode f iln layers with a certain gradient in electric 
potential, are formed and a glass plate on a surface of which a 
transparent electrically conductive fila layer is formd, are oppositely 
and paralelly arranged to each other with interposing a space of several 
micron ( u fi) therebetween so as to form a space therein, and when 
Liquid crystal <L.C ) is filled in this space so that an orientation 
thereof is arranged in parallel with the surface of these glass plates, 
an optical modulation device can be obtained. 

In accordance with this embodiment, due to the effects caused by 
these low resistive lines 131 to 138, a sophisticated optical 
modulation device having a high efficiency with less distortion can be 
obtained. 

Fig. 2 shows a graph showing a relationship between the effective 
birefringence An and Liquid Crystal voltage, and in the chart the 
abscissa represents a driving voltage of the Liquid Crystal while the 
vertical axis represents the effective birefringence. 

As apparent from these graphs, each of the graphs consists of a 
linear modulation region and a quadratic modulation region. 

And thus when this quadratic modulation region is used 7 the thin 

- 7 ~ 
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elass lens can serve as a spherical lens with respect to positional 
factor a? a function, for an orthogonally incident optical wave. 

Further, In this embodiment, a variation of the curvature thereof 
can be controlled by changing the voltage applied to the Liquid Crystal. 

Ffz. 3 shows another embodiment of the present invention, in that 
as shown in Fig. X, electrode terminals 306, 308, 302 and 304 are 
connected with resistive lines 381, 361, 371, and 351, respectively and 
between the resistive pair lines 371 and 351, and between the resistive 
pair lines 331 and 361, a plurality of semicircular stripe-like 
electrodes Khich are eccentrically arranged to each other, are 
connected, for example, a plurality of semicircular stripe-like 
electrodes 3il» 312, 313, 314, 315, 316, 317, 319, and 340 are connected 
between the resistive lines 371, and 35 U 

Note that in Fig. 3, the stripe lifce electrodes 311, 312, 313, 314, 
315, 316, 317, 313, and 340 are patterned low resistive thin films and 
formed on a surface of a glass substrate. 

In this embodiment, each one of the semicircular stripe-like 
electrodes has respective voltage and shows equipotential, respectively. 

When a certain voltage, for example, -V is equally applied to both 
electrode terninals 306 and 303 and another certain voltage, for 
esanple, *Y is equally applied to both electrode terminals 802 and 304, 
the electric potential is increased in a direction indicated from the 
resistive lines 331 and 361 to a center of the circle to be ov and 
further in a direction indicated fron the center of the Circle To the 
resistive lines 371 and 351, the potential is increased trpto +Y. 

In this embodiment, when a high resistive transparent and an 
electric conducive thin film, for example an msn z 0» fiin having a 
thickness of 100 to 400 wn. is formed on a surface of the Ion resistive 
patterned electrode film or in a portion formed between the surface of 

- 8 - 
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the glass substrate and the low resistive patterned electrode film, a 
glass plate having potential distribution with curvature which can be 
used for lens, can be realised. 

When the above-mentioned glass substrate and a separate glass 
substrate provided Nith a transparent conductive film on a overall 
surface thereof are oppositely and par a H el y arranges to each other 
with interposing a certain space, for example, several m n and further 
when liquid crystal layer is formed Ln the space between both glass 
substrates so that the orientation of the liquid crystal la set in 
parallel with the surface of the glasses, an electrode structure of a 
liquid crystal Kavcfront modulator of the present invention can be 
obtained. 

In this embodiment, when the liquid crystal is set, the orientation 
thereof is not restricted only to be set in parallel with the surface of 
the glasses but it can be set in non-parallel with the surface of the 
glass, i.e. , in so called *twist type* condition- 
in the present invention, due to tho formation of ciroular 
electrodes each bavin? equipotential* an electric field without having 
a spherical surface distortion Kith respect to a glass lens can be 
realised and thus the characteristics as necessary for lens, can be 
improved. 

in the above-mentioned embodiment, the potentials as indicated by 
such as <&A, OB, ©A (+>, -v, +y, are actually voltage sources of r 
for example, alternative pulse sources having 6 to 10 volt and 
frequency of 1 to 1000Hz or the like. 
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metal electrode 
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FIG. 2 
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1. AbatraGt 

The present invention is to provide a new electrode design for a liquid 
crystal optical wavefrout nodulators with applications such u a beam deflector, 
spherical or cylindrical single miarolens, or lens arrays. 



2. Representative Drawing 
FIG. 1 
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